The Chinese Continental Scientific Drilling Project of the Cretaceous Songliao Basin (CCSD-SK) provides an excellent opportunity to understand the response of terrestrial environments to greenhouse climate change in the Cretaceous. We conducted a palaeoenvironmental study of the Late Cretaceous Qingshankou Formation (K 2 qn) based on geochemical log data from the SK-2 east borehole. According to the characteristic of Ti mainly from terrigenous minerals, the content of authigenic elements was calculated. Correlation space was proposed to study the variation of the correlation between two log curves along the depth. Palaeoenvironmental proxies were selected from log data to study the evolution of the climate and lake, productivity of the paleolake, and organic matter deposition. The results demonstrate that the productivity of the paleolake was driven by chemical weathering in K 2 qn, in which the first section of the Qingshankou Formation (K 2 qn 1 ) has higher productivity than the second and third sections of the Qingshankou Formation (K 2 qn 2+3 ). The high content of pyrite in several thin layers reveals lake water of high sulfate concentration. This may have been caused by acid rain related to large volcanic activity. In K 2 qn 2+3 , several periods of high productivity without the formation of source rocks and high organic matter content were identified. This may show that organic matter deposition was limited by low accommodation space or oxidation environment. Therefore, the preservation condition is suggested as the main controlling factor of organic matter deposition in K 2 qn.
Introduction
During the Cretaceous period, East Asia became the largest continent due to the high sea level caused by greenhouse climate. The Songliao Basin, located in Northeast China, is a large lake in this period and is also one of the largest continental petroliferous Cretaceous basins. It developed a complete Cretaceous continental sedimentary record, which retains the information about major geological events. Therefore, the Songliao Basin is an ideal area for the research of continental Cretaceous systems (Wang et al 2013a) . In the depositional period of the Late Cretaceous Qingshankou Formation (K 2 qn), the Songliao Basin not only deposited the major source rocks of the Daqing Oilfield (Yang et al 1985 , Dong et al 2014 but recorded important information about paleoclimate change , lake anoxic events (Bechtel et al 2012 , and possible marine incursion events (Hou et al 2000 . Thus, this period is the key to understanding the response of terrestrial environment related to greenhouse climate change.
Within the framework of the International Continental Scientific Drilling Program (ICDP), the Chinese Continental Scientific Drilling Project of the Cretaceous Songliao Basin (CCSD-SK) was carried out in 2006, to recover a complete Cretaceous continental sedimentary record. As the first stage of this drilling project, CCSD-SK-1 consisted of the SK-1 south borehole (SK-1s) and SK-1 north borehole (SK-1n), which obtained cores of 2485.89 m with 96.46% recovery ratio from the Late Cretaceous , Wang et al 2013a , 2013b . The studies based on core samples from SK-1s and SK-1n have greatly improved our understanding of K 2 qn , Scott et al 2012 , Chamberlain et al 2013 . However, previous studies mainly focused on experimental analysis of core samples, and studies of the palaeoenvironment in K 2 qn based on geochemical log data have not been conducted.
CCSD-SK-2, the second stage of this drilling project, consists of the SK-2 east borehole (SK-2e) and SK-2 west borehole (SK-2w), which aims to obtain cores from the Early Cretaceous and log data from the Cretaceous. In April 2014, the SK-2e borehole was sunk to drill through the Cretaceous strata. In K 2 qn of the SK-2e borehole, log data is the only way to acquire useful information from the formation, because there is no core. Compared with the experimental analysis of core samples, the well logging has the following advantages: (1) to carry out high-precision continuous sampling; (2) measurement of in situ formation environment; (3) the result of measurement is an average value of the area at a certain depth, which can reflect the actual geological conditions; (4) the human factor has little effect on the measurement process. Therefore, log data have great research and reference value in the research of scientific drilling (Xiao et al 2014) .
As one of many methods of geochemical logging, the elemental capture spectroscopy (ECS) logging records content of a variety of major elements and minerals along the drilling. This method has been widely used in oil and gas reservoir research, especially shale reservoirs (Lewis et al 2004 , Soua, 2014 . In this paper, we present a geochemical study based on ECS log data of K 2 qn and Quantou Formation (K 2 q) from the SK-2e borehole. On the one hand, this paper is aimed at developing the application of geochemical logging in the research of the palaeoenvironment. On the other hand, it is aimed at developing an understanding of the change of the palaeoenvironment related to global or regional climate change and evolution of the basin in K 2 qn. Combined with the results of previous research and elemental and mineral content from the SK-2e borehole in K 2 qn, we discuss (1) the relationship between Al/Ti and productivity of the paleolake in the Songliao Basin, (2) burial records of Fe related to chemical weathering and the environment of bottom water from lake sediments, (3) and controlling factors in organic matter deposition.
Geological setting
The Songliao Basin has a total area of 260 000 km 2 across Heilongjiang, Jilin, and Liaoning provinces in Northeast China (Wang et al 2013a) . The basin consists of six structural units: northern plunge zone, central depression zone, northeastern uplift zone, southeastern uplift zone, southwestern uplift zone, and western slope zone (figure 1). The tectonic evolution of the Songliao Basin has generally experienced four major geological stages: Late Jurassic thermal rifting, Early Cretaceous extensional fracturing, Middle-Early Cretaceous thermal subsidence, and Late Cretaceous tectonic inversion. The basin was filled with 9000 m of depositional thickness, which consists of Cretaceous volcaniclastic, fluvial, and lacustrine sediments (Wang et al 2002 , Feng et al 2010 . The K 2 qn is divided into three sections. The first section of the Qingshankou Formation (K 2 qn 1 ) is one of the main oil layers in the Songliao Basin. The second and third sections of the Qingshankou Formation (K 2 qn 2+3 ) in which boundaries are often not clear are mud-sand transition zones. The evolution of the paleolake is a whole process of the withdrawal of water in the K 2 qn deposition period, which experienced the environmental changes of the deep lake, the semi-deep lake to shore, and the shallow lake and delta. In the early period of K 2 qn, the depth and range of the lake reached the maximum, covering roughly 87 000 km 2 . In the late period of K 2 qn, the area of the lake reduced to 41 000 km 2 (Yang et al 1985) . The SK-2e borehole located in the nose-like structure in the Xujiaweizi fault-depression of the northern Songliao Basin, in which Cretaceous Formation was encountered in drilling design, from top to bottom, including the Mingshui Formation (K 2 m), 
Data and methods

ECS log
The ECS tool is developed by the gamma-ray spectrometry tool. ECS emits fast neutrons with 4 M electron volts to the formation by chemical sources (16 Ci AmBe neutron source). The fast neutrons become thermal neutrons during formation due to inelastic scattering. Finally, a gamma ray is released when thermal neutrons are trapped by the surrounding atoms. ECS detects gamma-ray spectrum by detector with BGO crystal (figure 2).
The gamma-ray spectrum detected is a comprehensive response of the elements in the formation. The relative content of the elements can be obtained by fitting the measured data to a series of standard spectra. Then, the relative content of the elements is converted to the absolute content of the elements by the oxygen closure technique. The model of the oxygen closure technique has been tested by core and log data. The content of minerals can be obtained from the accurate content of the elements by empirical formulas, which is based on a large number of core analysis data. Under standard measurement conditions, statistical uncertainties of the elements are approximately equal to 2% (Schlumberger 2006).
The elemental and mineral content of K 2 qn and K 2 q in the SK-2e borehole is provided by processing the results of ECS log data, including Al, Ca, Fe, Gd, Si, S, Ti, calcite, clay, pyrite, and quartz. According to quality-control flags, the ECS tool worked under the best conditions and the elemental statistical uncertainty is low ( figure 3 ). This shows that ECS log data in the SK-2e borehole are reliable.
Correlation analysis
Correlation space can obtain related information of two curves along the depth. Correlation analysis is performed within a retractable window in which the depth and size can be changed. The correlation analysis results of different windows all are mapped to the correlation space. The vertical coordinate of correlation space is the depth, and the horizontal coordinate is the window size. The complete correlation space will show the change of correlation degree between the two well log curves with the depth and thickness in the form of a planar graph.
Estimation of authigenic element content
The content of authigenic element (Element XS ) in the sediment can be calculated using the following formula (Murray and Leinen 1993):
where Element total is the log value of the element, Ti total is the log value of Ti. (Element/Ti) background is the standard ratio of Figure 2 . The ECS tool is equipped with a standard 16 Ci AmBe neutron source and a large BGO crystal detector. Because the sensitivity of the BGO crystal detector is better than that of the NAI crystal detector, the AmBe neutron source which simplifies the complexity of the detector can be used. The Dewar flask can satisfy the temperature requirements of the BGO crystal detector (<50°C). ECS can be used to collect high-quality data in any fluid, irregular and high-temperature borehole. The sampling interval of ECS is 0.125 m.
the element in the clastic sediment from the upper crust McLennan 1995, McLennan 2001) , where Al background = 8.04 wt%, Si background =30.80 wt%, Ca background =3.0 wt%, Ti background =0.41 wt%, and Fe background =3.50 wt%. The Element XS is calculated as the minimum content of authigenic elements, since Ti total in the calculations is assumed to be derived from the terrigenous input, while excess Ti actually may exist in the sediments (Kryc et al 2003) .
Results
The results of ECS from K 2 qn and K 2 q 4 are displayed in figure 3 . The changes in elemental and mineral content of K 2 qn compared to K 2 q 4 , increase in Al, Ca, Fe, S, clay, calcite, and pyrite, and decrease in Si, Ti, and quartz. In K 2 q 4 , the lithology is mainly sandstone and mudstone with low calcite and pyrite. The content of quartz is high in sandstone and low in mudstone, but clay is just the opposite. In K 2 qn 1 , the lithology is mainly mudstone and oil shale. Three oil shale layers deposit in the bottom of K 2 qn 1 . In K 2 qn 2+3 , the lithology is mainly mudstone associated with a small amount of silty mudstone.
The curves of authigenic element content in K 2 qn and K 2 q 4 are shown in figure 4 . The results show that the content of authigenic elements in K 2 qn is higher than that of K 2 q 4 , which provides evidence of a strong biological effect in K 2 qn. The result from linear correlation of pyrite and S shows that the slope in K 2 qn 1 is higher than K 2 qn 2+3 , the lowest in K 2 q 4 , and they all intercept close to zero. The intersection points of Fe and S are located at the upper part of the pyrite line, which implies the ideal pyrite component (figure 5). These results suggest that S in the formation is basically in the form of pyrite and pyrite formation is limited by the sulfate concentration or organic matter content (Lückge et al 1996 , Sachse et al 2011 , Tribovillard et al 2015 . The ratio of S and pyrite is about 1:2, and the other half of the pyrite content from Fe. The content of pyrite Fe (Fe Pyrite ) was estimated by Elemental and mineral content from ECS data in K 2 qn and K 2 q 4 of the SK-2e borehole. Quality-control flags in the far right track indicate log data quality. P stands for photomultiplier and T stands for crystal temperature. E stands for elemental statistical uncertainty. Green indicates reliable measurement. Yellow reflects a moderately reliable measurement. Red means an unreliable measurement.
subtracting S from pyrite. Then, the remaining nonpyrite Fe (Fe Nonpyrite ) can be estimated by subtracting pyrite Fe from Fe (figure 4).
Discussion
Discovery of excess Al and productivity of the paleolake in the Qingshankou Formation
In the past, people usually thought that Al and Ti were sediment deposits from terrigenous mineral transportation, and therefore, the quantitative description of the terrigenous input could be calculated by the content of Al or Ti in rocks (Saito et al 1992) . However, Lenien 1996) found that Al/Ti in the equatorial Pacific Ocean carbonate sediments is about three times higher than the late Archean average shale (Al/Ti is 17). The discovery of excess Al changed the idea that Al came mainly from terrigenous sediment. The sedimentary source of Murray's study area mainly consists of air transport and biological activity, less terrigenous influence, and excess Al accounts for 50% of the total Al, which is related to the high productivity of the surface water Lenien 1996) .
In the marine environment and lake, researchers generally believed that dissolved Al was not a nutrient element, and the biological feeding process was not the main process of removal of Al from the water column. Before the study of Murray, Orians found that 40%~50% of Al in a water depth of 25 m is absorbed on the surface of particles in the equatorial Pacific Ocean (Orians and Bruland 1986) . Since then, many scholars have carried out research on the genesis of excess Al, and have had numerous achievements and made a series of discoveries. For example, excess Al is closely related to the rain of opal in the equatorial Pacific (Dymond et al 1997) , excess Al is found in calcareous and siliceous sediments of the Indian Ocean surface (Banakar et al 1998) , the volcanic glass may lead to increased ratio of Al/Ti in the middle of the Indian Ocean basin sediments (Pattan and Shane 1999) , excess Al is present in the oxide bound state in the equatorial Pacific Ocean and is readily adsorbed on the surface of particles with rich hydroxyl (Kryc et al 2003) . At present, although there is some dispute about the source of excess Al, the life activity of phytoplankton has been considered as the main reason, and biogenic particles and debris generated after their degradation are the important carriers of Al removal (Gehlen et al 2002 , Koning et al 2007 , Ren et al 2011 . However, the discovery of excess Al was mostly concentrated in marine strata, and the focus of the study was mainly on whether Al/Ti can be used as an indicator of marine productivity (Timothy and Calvert 1998 , Ma et al 2008 . So far, there has been very little study of excess Al in the continental deep lacustrine strata.
5.1.1. Excess Al. In K 2 qn of the Songliao Basin, a high value of Al/Ti was found (figure 6.). The existence of excess Al was confirmed by Formula 1. These phenomena are not obvious in K 2 q 4 (figures 4, 6). In the following discussion, K 2 qn and K 2 q 4 are compared. In K 2 q 4 , total Si is negatively related to total Al, and authigenic Si is not related to excess Al (figure 7). The relationship reflects the influence of river input on the elemental deposition in offshore lake and fluvial sedimentary environments. The strength of water power directly influences the size of sediment particles. Generally, the greater size of clastic sediment is related to more quartz and less clay mineral. The main sediment in K 2 q 4 is sandstone, which reflects the sedimentary environment of strong water power. In this kind of environment, the deposition of authigenic elements is very difficult. Therefore, the signal of excess elements is suppressed by clastic sediment. The content of Ca in K 2 q 4 is obviously lower than that in K 2 qn. In K 2 q 4 , Ca is not related to Si and Al (figure 7). This may suggest that the deposition of Ca is independent of the clastic particles from the river. In summary, K 2 q 4 was formed under the control of the clastic sediments from the river and there are no obvious excess Al signals.
The geologic studies show that the Songliao Basin is a large lake in K 2 qn (Feng et al 2010) . In this period, the algae bloomed in the paleolake (Ning et al 2010 , Nie et al 2014 . In the central zone of the paleolake, terrestrial input was poor in sediment and organic matter was mainly supplied by algae. Therefore, a large number of Ca and Si were deposited by biological effect. In lake sediments, the deposition of authigenic Si is mainly derived from the sedimentation of phytoplankton. In the sedimentary process, the deposition of biogenic Si particles is accompanied by the removal of dissolved Al due to phytoplankton absorption or biogenic particle adsorption. Consequently, the authigenic Si is positively related to excess Al in K 2 qn (figure 7). Due to the influence of the river input, the degree of positive correlation between total Si and total Al is lower than that between authigenic Si and authigenic Al (figure 7). Although biogenic Ca particles can also remove dissolved Al, authigenic Ca is not related to excess Al in K 2 qn (figure 7). This may imply an impact of inorganic sedimentation and diagenesis. The authigenic Ca has no obvious correlation relationship with authigenic Si and excess Al (figure 7). However, total Ca is negatively related to total Si and total Al (figure 7). This indicates that Ca, Al, and Si are the main sedimentary elements in K 2 qn, and an increase in Si and Al content will cause a decrease in the content of Ca at a constant volume. In summary, the sediments in K 2 qn are controlled by biological deposition. The high Al/Ti indicates that deposition of the terrigenous lake may also produce excess Al, which is related to the life activity of phytoplankton.
5.1.2. Al/Ti and productivity of the paleolake. The relationship between Ti and Al/Ti is a power correlation (figures 8(a) and (b)). With enhancement of the river input and the increase of Ti, the biological deposition becomes weak and Al/Ti decreases gradually to background values of the upper crust. With the decrease of Ti, Al/Ti increases and the variation range of Al/Ti widens, which reflects the influence of different content of excess Al. There is no obvious correlation between Al and Al/Ti ( figure 8(c) ). This is because Al in K 2 qn originates not only from the river input but from biological deposition. Because most of the Al is derived from river input in K 2 q 4 , the relationship between Al and Al/Ti is a weak power correlation ( figure 8(d) ).
Al/Ti has different index correlation relationships with excess Al and authigenic Si in K 2 qn (figures 8(e) and (g)). This shows that the increases of authigenic Si and excess Al have an amplification effect on Al/Ti. With these increases, Al/Ti shows exponential growth. This amplification makes the anomaly of Al/Ti more obvious under a high productivity environment. In K 2 q 4 , biological deposition is not obvious and excess Al is less, and therefore, authigenic Si is not related to Al/Ti and excess Al is closer to the linear relationship with Al/Ti (figures 8(f) and (h)). Crossplots display that Al/Ti with no authigenic Si is greater than that without excess Al (figures 8(e) and (g)). This may imply an impact of the removal of biological calcium particles on Al. In order to remove the pulse anomaly in a curve, Al/Ti was processed by median filter with a window of 10 m. The filter result better reflects the whole change trend of Al/Ti (figure 6). The results show that Al/Ti is highest in K 2 qn 1 , second highest in K 2 qn 2+3 , and lowest in K 2 q 4 . According to new age constraints, the age of K 2 qn is upper Turonian-lower Coniacian (86.16-91.4 Ma) (Deng et al 2013 . In this period, marine records of the Far East are similar to continental records of the Songliao Basin with regard to the temperature change from the isotopic records of the CCSD-SK-1 cores, and the temperature in K 2 qn first increased and then decreased (Zakharov et al 1999 , Chamberlain et al 2013 . According to climatic studies, K 2 qn of the Songliao Basin is in a warm and humid period (Wang et al 2013a) . This climate promoted blooms of aquatic organisms (Jia et al 2013) . These analysis results of the core sample in CCSD-SK-1 show that the productivity of the paleolake is highest in K 2 qn 1 , second highest in K 2 qn 2+3 , and lowest in K 2 q 4 (figure 6). In K 2 q 4 , the Songliao Basin was an oligotrophy lake with low productivity. In K 2 qn 1 , it was a hypereutrophic or eutrophic lake with high productivity, high salinity water, stratification, and anoxic reducing environment. The nutrients of the lake decreased to mesotrophic-eutrophic and the productivity was decreasing in the early period of K 2 qn 2+3 . In this period, the influence of the terrigenous began increasing for organic Figure 6 . Al/Ti and the productivity of the paleolake in K 2 qn and K 2 q. Al and Ti are derived from log data in the SK-2e borehole. Filter output is calculated by median filter, and the filter window is 10 m. The Al/Ti of the upper crust and filter output are plotted together, with red representing the normal anomaly in filter output of Al/Ti, and blue representing the negative anomaly in filter output of Al/Ti. Productivity data are derived from Ning et al 2010. These data were calculated based on the total organic carbon (TOC) of core samples from CCSD-SK-1.
matter (Ning et al 2010 , Nie et al 2014 . In the late period of K 2 qn 2+3 , productivity was further increased (Ning et al 2010) . The change trend of Al/Ti in the SK-2e borehole is basically consistent with lake productivity from analysis of the core samples in CCSD-SK-1 (figure 6). Therefore, Al/Ti reflects the change of the productivity of the paleolake in the Songliao Basin. In addition, Al and Ti are not sensitive to the changes in the redox environment and Al/Ti is not controlled by the formation of rocks (Yarincik and Murray 2000) . Al/Ti is closely related to the deposition of biogenic particles, and it will not be restricted by geological time. It is worth noting that several layers with high Al/Ti correspond to the relatively low productivity calculated based on TOC in K 2 qn 2+3 . This may be because preservation conditions limited the accumulation of organic matter, which lead to an underestimation of productivity. Consequently, Al/Ti may be more realistic than the organic matter method in the inversion of productivity of the paleolakes. Because Al in lake sediments may have come from the removal of biogenic particles, it is suggested that the element normalized or the quantitative description of the terrigenous input in the study of lake sediments uses Ti instead of Al.
Burial records of Fe
As one of the most abundant elements in the crust, Fe participated widely in a series of chemical and biological cycles and plays an important role in controlling the carbon cycle (Taylor and Konhauser 2011) . Under anaerobic conditions, reactive Fe reacts with H 2 S to form pyrite, where H 2 S is produced by the reaction of sulfate and organic matter (Berner, 1984) . The formation of pyrite is controlled by the sulfate concentration, organic matter content, and reactive Fe supply in the material. Therefore, pyrite is a feature of organic deposit in the anaerobic environment, and is an important indicator of the restoration of the sedimentary environment (Raiswell and Berner 1985) .
5.2.1. Reactive Fe. Since only reactive Fe can be involved in the Fe cycle and the formation of pyrite, it is unreasonable to evaluate the Fe cycle and pyritization based on the content of total Fe (Raiswell et al 1988, Poulton and Canfield 2005) . Previous studies on the river particles show that reactive Fe and total Fe have a close relationship, which reflects the influence of chemical weathering, and iron oxides are derived from the total Fe with a certain relation. The enhancement of this connection comes from the removal of more soluble components in rocks and soils under strong chemical weathering (Poulton and Raiswell 2002) . Therefore, the ratio of reactive Fe and total Fe can be used as an index of chemical weathering intensity.
Formula 1 provides a good method for estimating the content of reactive Fe (Scholz et al 2014 , Tribovillard et al 2015 . The low ratio of reactive Fe and total Fe (Fe XS / Fe) in K 2 q 4 corresponded to relatively weak chemical weathering. In the early period of K 2 qn, high Fe XS /Fe shows that the climate became humid and hot, which resulted in the strong chemical weathering ( figure 4) . Previous studies show that there is a coupling relationship between reactive Fe and nutrient elements (phosphorus). When the lake becomes an oxidation environment, iron oxides will absorb phosphorus, which limits phosphorus release. When the lake becomes an anoxic environment, reactive Fe will deposit in the form of pyrite and not limit phosphorus release, which will result in an increase in productivity. An increase in productivity in the lake conversely promotes phosphorus release and anoxic environment (Slomp et al 1996 , Nederbragt et al 2004 . However, the change trend of Al/Ti related to productivity is similar to that of Fe XS /Fe in K 2 qn. Al/Ti is not related to the content of pyrite. Therefore, the coupling relationship between reactive Fe and nutrient elements may not be the main controlling factor of productivity in the lake.
According to cyclostratigraphic analysis, Wu et al (2009) identified four periods of high depositional rates, which are considered to record sustained wet climate and strong chemical weathering in the period of K 2 qn. The result is consistent with the periods of strong chemical weathering from the SK-2e borehole (figure 4). Previous studies show that strong chemical weathering related to warm and humid climate could cause higher nutrient supply and then raise the productivity of the lake (Nara et al 2005 , Meng et al 2012 . This could be the main reason for the covariant trend between Fe XS /Fe and Al/Ti. Therefore, the productivity was mainly affected by chemical weathering related to climate in K 2 qn.
5.2.2. Analysis of pyrite, S, and Fe. According to description of the CCSD-SK-1 cores, it seems that more pyrites were developed in K 2 q 4 than in K 2 qn (Wang et al 2009a , Gao et al 2009 , Wang et al 2009b . However, previous research shows that the pyrite content of K 2 qn is higher than that of K 2 q 4 , which is consistent with log data from the SK-2e borehole. This may reveal different depositional environments between K 2 qn and K 2 q 4 . When the bottom of the lake is in an anoxic environment, pyrite can be formed directly in the anoxic layer of the bottom water in the lake. When the bottom of the lake is in an oxic-dysoxic environment, pyrite is formed in the pore water of the anoxic layer located underneath the sediment-water interface. Due to time limitation, pyrite that formed in the anoxic layer of the bottom water is usually smaller than that formed in the pore water of the anoxic sediment . Consequently, many pyrites cannot be observed with the naked eye. Therefore, the bottom of the lake is in an oxicdysoxic environment in K 2 q 4 and an anoxic environment may occur in K 2 qn.
The reactive Fe supply is adequate according to the content of authigenic Fe and pyrite Fe (figure 5). Therefore, reactive Fe is not a limiting factor in the formation of pyrite. In general, sulfate solubility in fresh water is much less than in seawater, which limits the early formation of pyrite. Previous research shows that the water of the lake in K 2 qn 1 was converted from fresh water to saline water, and many scholars believed that it is the result of the marine incursion (Feng et al 2011 . According to marine fossils from the core samples in CCSD-SK-1 and previous evidence, Xi et al (2016) thought that marine incursions occurred in the early period of K 2 qn and a very small marine incursion possibly occurred in its late period. Huang et al (2013) thought that a marine incursion may also have occurred in the uppermost part of K 2 q 4 , according to sulfur geochemistry records from CCSK-SK-1. This means that there may be high sulfate concentration in K 2 q 4 . The organic matter content in K 2 q 4 is low (Ning et al 2010) . Consequently, the content of the organic matter may have been the main limiting factor for the formation of pyrite in the uppermost part of K 2 q 4 . The content of organic matter is highest in K 2 qn 1 and has declined in K 2 qn 2+3 (Wang et al 2013b) . Therefore, the sedimentary environment of K 2 qn is more favorable for the formation of pyrite than that of K 2 q 4 . S is not related to Fe (figure 9). This shows that the sources of S and Fe in the sediments are different. The content of Fe was influenced by river input, but the content of S was mainly affected by pyritization in the sediments. Therefore, the change in content of S will result in the change in content of the remaining Fe (Fe Nonpyrite ). The correlation degree between Fe and the remaining Fe in the formation without pyrite should be 1. With the change of pyrite content, the correlation degree between Fe and the remaining Fe decreases. According to the correlation degree analysis of Fe and the remaining Fe, the correlation degree in K 2 q 4 is highest, in K 2 qn 2+3 second highest, and in K 2 qn 1 lowest. This shows that the degree of pyritization in K 2 qn 1 is relatively high and underwent severe changes. The degree of pyritization in K 2 q 4 is lowest, and the variation in amplitude is also relatively stable. At present, there are still disputes about the relationship between anoxic events and marine incursion. In addition, irrespective of whether there was marine incursion, the geochemical characteristics would have changed as long as the water of lake became saline (Huang and Wang 2015) . Previous research shows that large volcanic eruptions could have caused acid rain and lake acidification in the geologic past (Pinto et al 1989 , Bailey et al 2005 . Wang et al (2010) proposed that volcanic eruptions in the Songliao Basin should have been normal phenomena in the period of K 2 qn. These volcanic eruptions could have caused regional acid rain and then influenced the sulfate solubility of the lake. In K 2 qn 2+3 of the SK-2e borehole, several thin layers with high content of S and pyrite were found (figure 3). If our data are correct, we suggest that there are several brief periods in which the water of the lake became saline. These brief periods may be related to sudden change of regional environment, such as acid rain caused by large volcanic activity.
Based on the above discussion, we proposed a new interpretation for the deposition of pyrite and changes of water salinity in K 2 qn. There are two reasons for the high sulfate concentration in the lake. One reason is marine incursion, and the other is acid rain. Marine incursion is a long-term process, which occurred in the bottom of K 2 qn 1 . The acid rain is a short-term process, which was controlled by large volcanic activity. If it occurred, a thin layer would contain high content of pyrite. This phenomenon mainly occurred in K 2 qn 2+3 .
Organic matter deposition
The deposition of organic matter is not only controlled by the lake productivity but preservation condition may be an important factor (Tyson, 2005) . Previous studies show that K 2 qn 1 has higher organic matter content and hydrocarbon generation potential than K 2 qn 2+3 in the Songliao Basin (Dong et al 2015) . In the SK-2e borehole, three oil shale layers deposited in the lower part of K 2 qn 1 (figure 3). In the period of K 2 qn 1 , an anoxic environment occurred in the bottom of the lake. The bottom water anoxia is related to stratification of the lake, which may have been caused by continuous lake subsidence and rapid expansion and deepening of the water or marine incursion (Wang et al 2013b) . The high productivity of the paleolake provides the material basis for the formation of hydrocarbon source rocks. Due to the anoxic environment in the lake, organic matter was preserved in the lower part of K 2 qn 1 , and formed the important hydrocarbon source rocks in the Daqing Oilfield.
Al/Ti from the SK-2e borehole shows that there are several short periods of high productivity in K 2 qn 2+3 , which does not contain high organic matter content. This shows that the deposition of organic matter in K 2 qn 2+3 was limited. Xu et al (2015a) found that high accommodation space is related to high TOC in two oil shale layers of K 2 qn 1 . The change of accommodation space is controlled by climate and tectonics. According to the Fischer diagram of K 2 qn from Xu et al (2015b) , accommodation space continuously increased to a maximum in the lower part of K 2 qn 2+3 and began to decrease until the boundary between K 2 qn and K 2 y. This shows that high accommodation space occurred in the upper part of K 2 qn 1 and low accommodation apace occurred in the middle and upper part of K 2 qn 2+3 . In addition, K 2 qn 2+3 mainly deposited in a less anoxic environment (Dong et al 2015) . Therefore, low accommodation space and oxidation environment may together have limited organic matter deposition in the middle part of K 2 qn 2+3 . This shows that the main factor controlling the organic matter abundance in the process of the evolution of K 2 qn was the preservation condition of the sedimentary environment (Zhong et al 2009 , Jia et al 2013 .
Conclusions
Based on geochemical analyses of log data in K 2 qn from the SK-2e borehole in the Songliao Basin, NE China, the following conclusions can be drawn.
(1) The productivity of the paleolake is highest in K 2 qn 1 , second highest in K 2 qn 2+3 , and lowest in K 2 q 4 . The periods of strong chemical weathering identified by Fe XS /Fe correspond to high productivity in K 2 qn. This indicates that chemical weathering related to climate is the key factor with regard to the productivity of the lake. In K 2 qn deep-lake sediments, the excess Al related to biogenic particles and high Al/Ti provides evidence of changes in productivity. Because Al/Ti is not limited by preservation conditions, Al/Ti is more realistic than the organic matter method in the inversion of productivity of the paleolakes.
(2) The high content of pyrite in several thin layers of K 2 qn indicates that the sudden change of regional environment, such as acid rain caused by large volcanic activity, caused a brief period of saline water environment. (3) Preservation condition is the main controlling factor of organic matter deposition in K 2 qn. The oil shale only deposited in the lower part of K 2 qn 1 . Several periods of high productivity in K 2 qn 2+3 were identified by Al/Ti. However, there is no high organic matter content. This shows that organic matter deposition was limited by a preservation condition, such as low accommodation space or oxidation environment.
